Introduction
HIV infection leads to numerous immunologic abnormalities, especially in individuals whose viremia is not well controlled, either naturally or by antiretroviral therapy (ART). B cells are not direct targets for HIV replication; however, direct and indirect consequences of viral replication such as immune activation and lymphopenia lead to numerous B cell abnormalities over the course of infection (1) (2) (3) . Abnormalities of B cell terminal differentiation occur early after infection, as evidenced by increased frequencies of plasmablasts in the peripheral blood, most of which are not HIV specific, and correlate with hypergammaglobulinemia and the secretion of inflammatory cytokines (4, 5) . Abnormalities in B cell maturation are also observed in HIV infection, especially in advanced disease, with increased frequencies of immature/transitional B cells in the peripheral blood associated with CD4 + T cell lymphopenia and increased serum levels of IL-7 (6) . HIV infection is also associated with numerous phenotypic and functional abnormalities in the memory B cell compartment (1) (2) (3) . These abnormalities arise early, intensify during the chronic phase of viremia, and can be reversed by early initiation of ART (7) .
Human memory B cells are mostly identified by the expression of the cell-surface marker CD27 in the absence or presence of Ig class switching (8, 9) . However, since the primary role of memory B cells is to rapidly respond upon re-encountering the original stimulating antigen (pathogen), features that reflect this role should form the basis of evaluation of the quality of the memory B cell compartment. Two such Despite the rare appearance of potent HIV-neutralizing mAbs in infected individuals requiring prolonged affinity maturation, little is known regarding this process in the majority of viremic individuals. HIV-infected individuals with chronic HIV viremia have elevated numbers of nonconventional tissue-like memory (TLM) B cells that predominate in blood over conventional resting memory (RM) B cells. Accordingly, we investigated affinity maturation in these 2 memory B cell populations. Analysis of IgG-expressing TLM B cells revealed a higher number of cell divisions compared with RM B cells; however, TLM B cells paradoxically displayed significantly lower frequencies of somatic hypermutation (SHM). To assess Ab reactivity in TLM and RM B cells, single-cell cloning was performed on HIV envelope CD4-binding site-sorted (CD4bs-sorted) B cells from 3 individuals with chronic HIV viremia. Several clonal families were present among the 127 cloned recombinant mAbs, with evidence of crosstalk between TLM and RM B cell populations that was largely restricted to non-VH4 families. Despite evidence of common origins, SHM frequencies were significantly decreased in TLM-derived mAbs compared with SHM frequencies in RM-derived mAbs. However, both cell populations had lower frequencies of SHMs than did broadly neutralizing CD4bs-specific mAbs. There was a significant correlation between SHM frequencies and the HIV-neutralizing capacities of the mAbs. Furthermore, HIV neutralization was significantly higher in the RM-derived mAbs compared with that seen in the TLM-derived mAbs, and both SHM frequencies and neutralizing capacity were lowest in TLM-derived mAbs with high polyreactivity. Thus, deficiencies in memory B cells that arise during chronic HIV viremia provide insight into the inadequacy of the Ab response in viremic individuals.
features include the capacity to generate a repertoire of resting memory B cells that ensures longevity and the capacity to undergo somatic hypermutation (SHM) in association with T cell help (10, 11) . In this regard, the accumulation in resting memory (RM) B cells of SHM in the variable regions of Ig heavy and light chains that convey increased affinity for cognate antigen is the most desirable outcome of an effective B cell response (12) .
Several populations of memory B cells do not fall within the classical definition characterized by CD27 expression in the absence or presence of Ig class switching. In healthy individuals, these nonclassical memory B cells represent minor constituents among circulating B cells. For example, IgG + or IgD -memory B cells that do not express CD27 comprise less than 4% of B cells in the peripheral blood (13, 14) . However, nonclassical memory B cells can represent major constituents in various disease settings (12, 15) . In this regard, at least 3 phenotypically distinct memory B cell populations, on the basis of the expression of CD21 and CD27, have been identified in the peripheral blood of HIV-viremic individuals. RM B cells (CD21 hi CD27 + ) constitute the majority of circulating memory B cells in healthy individuals, yet a minority in chronic HIV-viremic individuals (7) . In contrast, the majority of circulating memory B cells in chronically HIV-viremic individuals consist of tissue-like memory (TLM) (CD21 lo CD27 -) and activated memory (AM) (CD21 lo CD27 + ) B cells (7) . The former B cell population is named for its similarities to tonsillar tissuederived counterparts in healthy individuals (16) . In addition to the low expression levels of CD21 and CD27, TLM B cells and their tonsil-derived counterparts express the putative inhibitory immunoregulatory receptor FCRL4 (16, 17) . TLM B cells in HIV-infected individuals have also been shown to express multiple inhibitory receptors and markers associated with homing to sites of inflammation, including CXCR3 and CD11c (17) . Similar properties have been observed in pathogen-induced T cell exhaustion (18) and in diseases with immune-activating or -dysregulating effects on B cells, including common variable immunodeficiency, hepatitis C virus infection, malaria, rheumatoid arthritis, Sjogren's syndrome, systemic lupus erythematosus, and Wiskott-Aldrich syndrome (19) (20) (21) (22) (23) (24) (25) . Of note, loss-of-function mutations in CTLA4, an inhibitory receptor that regulates T cell responses yet is not expressed on B cells, has nonetheless been associated with severe perturbations in the B cell compartment, including the expansion of TLM B cells (26, 27) .
We recently demonstrated that within given HIV-infected individuals, HIV-specific B cells were enriched within AM and TLM B cell populations, whereas B cells specific for non-HIV pathogens such as influenza and tetanus were distributed preferentially within the RM B cell compartment (28) . These findings suggested that the abnormalities in B cell responses were not simply a reflection of changes in the distribution of B cell populations, but rather reflected alterations related to HIV per se. However, these observational findings did not address critical questions regarding the quality of responses against HIV and whether the overall response was affected by the enrichment of the response within abnormal B cell populations. Accordingly, the current study was undertaken to investigate the frequencies of SHMs within conventional and nonconventional B cell populations found in the peripheral blood of chronically HIVviremic individuals and to relate these findings to the neutralization capacities of the HIV-specific mAbs derived from these respective B cell subsets. Our findings demonstrate that HIV-specific mAbs derived from TLM B cells have lower frequencies of SHMs than do those derived from their RM counterparts, and these differences correlated with weaker HIV-neutralizing activity of TLM-versus RM-derived mAbs.
Results

Enhanced proliferative history of IgG
+ TLM versus RM B cells. The number of cell divisions undergone in vivo by a defined B cell population can be measured by κ-deleting recombination excision circles (KREC) analysis (29, 30) . We previously reported that TLM B cells had undergone fewer cell divisions than did conventional CD27-expressing memory B cells comprising both RM and AM B cells (17) . However, we had not taken Ig isotype into consideration. We therefore revisited KREC analyses of Ig-defined B cell populations given 2 recent findings: more cell divisions were observed among Ig class-switched than unswitched memory B cells (29) , and our observation that the frequency of class-switched Ig was significantly lower in TLM B cells than in CD27
+ memory B cells (31) . As expected and shown in Figure 1A , the lowest number of cell divisions occurred in naive B cells, and the highest number of cell divisions was observed in plasmablasts (not sorted on an Ig basis due to an absence of surface IgG expression). When KREC levels were measured among IgG-expressing B cells, the lowest number of cell divisions was found in IgG-expressing CD27 -
CD21
+ B cells ( Figure 1A ), which we have previously defined as intermediate memory (IM) B cells (28) . This is consistent with published findings in healthy individuals (29) and takes into account that CD21 lo B cell frequencies are negligible (7) and, as such, are not generally considered in these individuals. Of note, we had previously reported that the frequency of IgG + IM B cells was very low in HIV-viremic individuals, whereas TLM, RM, and AM B cells each accounted for approximately 30% of the total number of IgG + circulating B cells (28) . Among these 3 major B cell populations, the number of cell divisions undergone by both TLM and AM B cells was significantly greater than RM B cells ( Figure 1A) (32) . Thus, we aimed to determine whether the increased proliferation identified in IgG + TLM B cells was associated with enhanced accumulation of SHMs. Accordingly, we analyzed the frequencies of SHMs in variable regions of the IgG heavy chain genes within the memory B cell populations described in Figure 1A . Among the VH families analyzed for the 3 individuals reported in Figure 1A , SHM frequencies were significantly higher in AM and RM B cells than in TLM or IM B cell populations for VH1/7 and VH3 ( Figure 1B ). However, there was no significant difference in SHMs between RM and TLM B cells for the VH4 family. Given the KREC analyses, SHM frequencies would have been predicted to be higher in AM and TLM B cells than in RM B cells. Instead, we observed increased levels of SHMs in conventional IgG + RM B cells compared with levels in IgG + TLM memory B cells in 2 of the 3 VH families studied. Finally, we determined the ratios of replacement-to-silent (R/S) mutations for the dataset in Figure 1B . As shown in Figure 1C , R/S ratios for all B cell populations were predictably higher in the complementarity-determining region (CDR) than in the framework regions. VH4 family members had a slightly higher R/S ratio in framework region-1 than did those belonging to non-VH4 families (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/jci.insight.84610DS1). We also found enrichment of usage of the VH4-34 gene among TLM B cells (Supplemental Figure 2A) . This VH gene encodes intrinsically self-reactive Abs found in systemic lupus erythematosus and Wiskott-Aldrich syndrome (33, 34) and is associated with HIVneutralizing activity in HIV infection (35) . Despite these unique features, SHM frequencies among VH4-34 sequences were not different compared with those in other VH4 family members in either population (data not shown). We conclude that, contrary to predictions from KREC analyses, IgG + TLM B cells from HIVviremic subjects showed overall decreased frequencies of SHM compared with conventional IgG + RM B cells, despite having undergone more cell divisions. Table 1 
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Characterization of CD4-binding site, HIV-specific mAbs from IgG + TLM and RM B cells. Several HIV envelope proteins have been engineered into probes for flow cytometric analyses of antigen-specific B cell responses and demonstrate high sensitivity and specificity for B cells expressing B cell receptors (BCRs) that recognize epitopes within the probe (36, 37) . Using such probes to interrogate B cell responses in a large cohort of HIV-infected individuals, we recently demonstrated that HIV-specific B cells are found in higher frequency in the blood in the early stage of infection (28), although they predominantly recognize epitopes, such as the coreceptor (CCR5) of the HIV envelope, that are generally considered non-neutralizing (38) . B cell responses that target neutralizing epitopes, such as those against the CD4-binding site (CD4bs) of the HIV envelope, tend to arise several months to years after infection (39) . A similar pattern of delayed CD4bs-specific B cell response was observed in our cohort, and the contribution to the overall CD4bs response of TLM B cells was relatively higher when compared with that against the coreceptor response (28).Given these observations, we designed a strategy to single-cell sort CD4bs-specific B cells from IgG + TLM and RM B cell populations and compare properties of the mAbs cloned from these 2 cell populations. We chose 3 HIV-infected individuals reported in our previous study (28) and in whom the frequency of CD4bs-specific B cells was sufficiently high within both cell populations to perform single-cell sorting (Table 1) . These individuals were chronically infected with low-level viremia in the absence of ART, had CD4 counts above 350/μl with an inverted CD4:CD8 ratio, and serological Ab activity that neutralized tier 2 HIV pseudoviruses, albeit with variably restricted profiles of breadth and potency (Supplemental Table 1 ).
The representative flow plots shown in Figure 2A for 1 of the 3 individuals (CD4BS-01) revealed that the mean fluorescence intensity of CD4bs binding was generally lower in TLM B cells compared with that observed in RM B cells, a feature observed in all 3 individuals (Table 1 ) and in others (data not shown). These lower intensities were consistent with the relative underrepresentation of HIV-specific TLM B cells when measured by flow cytometry, as previously reported (28) . Nonetheless, the number of B cells required for the 2 sorting strategies shown in Figure 2A were similar, and, accordingly, a total of 62 and 65 mAbs were cloned from IgG + TLM and RM B cells, respectively (Supplemental Table 2 ; 167 clones total, of which 127 were expressed). The percentage of recombinant mAbs that were specific for the CD4bs of gp140 was evaluated by ELISA and was similar between IgG + TLM and RM B cell populations (Figure 2B  and Supplemental Table 2 ). Indeed, we found that mAbs specific for the CD4bs sorting antigen represented 87.1% of TLM and 86.1% of RM clones ( Figure 2B and Supplemental Table 2 ). Of the 127 mAbs cloned from IgG + RM and TLM B cells, 110 were found specific to the CD4bs of HIV envelope protein and are referred to henceforth as CD4bs mAbs. Of note, 18 of the 44 gp140-binding mAbs reconstituted from patient CD4BS-01 retained a relatively low level yet detectable reactivity with the CD4bs mutant ( Figure 2B and Supplemental Table 2 ), an observation that was somewhat unexpected, although possibly related to the lower overall mean fluorescence intensity of HIV-specific B cells in this individual compared with the other 2 ( Table 1 ). In addition, a slightly higher percentage of such mAbs were found in TLM (41.7%) versus RM (31.6%) B cell populations (Supplemental Table 2 ). Nonetheless, all gp140-specific mAbs retained specificity to the CD4bs, as evidenced by a 50% effective concentration (EC 50 ) binding to the gp140-CD4bs mutant that was at least 2-fold higher than that of binding to WT gp140 and not observed with control mAbs that were not specific to CD4bs ( Figure 2B) .
HIV-specific mAbs from IgG + TLM B cells show decreased SHMs but are clonally related to RM counterparts. Since total IgG
+ TLM B cells displayed lower SHM frequencies than did IgG + RM B cells, we evaluated whether this difference was also present among CD4bs mAbs. We found that CD4bs mAbs cloned from IgG + TLM B cells harbored significantly lower frequencies of SHMs in both IGH V ( Figure 3A) and IGK/L V (Figure 
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3B) gene segments compared with frequencies detected in IgG + RM B cell counterparts. However, HCDR3 lengths were not different between the 2 cell populations; the median for CD4bs mAbs in Supplemental Table 2 was 18 aa for each of the 2 populations. Differences in SHM for both Ig chains from RM-and TLM-derived CD4bs mAbs were mainly attributed to VH4 family members that were found in 20.9% (23 of 110) of CD4bs mAbs in chronically HIV-viremic subjects (Supplemental Figure 2B and Supplemental Table  2 ); this frequency is similar to that reported in another study (40) , although there is a paucity of VH4 gene usage among the highly potent CD4bs mAbs isolated from HIV-infected elite neutralizers (41) .
The observation that SHM frequencies of VH4-encoded CD4bs mAbs were lower among those derived from TLM B cells than those from RM B cells contrasted with the findings depicted in Figure 1 , in which differences in SHMs from RM versus TLM B cell populations were restricted to non-VH4 families. To distinguish between the effects of sorting strategies and the effects driven by the specific antigen, heavy-chain SHM frequencies were measured from nonantigen-selected, single-sorted RM and TLM B cells. Differences in SHM frequencies in these B cells were found to mirror those from bulk-sorted cells, in that SHM frequencies were higher among sequences from RM B cells compared with those from TLM B cells for VH1/7 and VH3, but not VH4, families (Supplemental Figure 3) . Of note, while VH4-34 gene usage was prevalent among TLM and, to a lesser extent, RM B cells (Supplemental Figure 2A) , with a similar trend among single-cell clones (Supplemental Figure 2B ), VH4-34 gene usage among CD4bs mAbs was infrequent: 1 mAb derived from CD4BS-01 TLM B cells and 1 clonal family from CD4BS-02 RM B cells (Supplemental Table 2 ). Thus, differences in VH4 mainly reflect distinctions between B cell populations and effects driven by CD4bs epitope selection.
Analyses of R/S ratios among the CD4bs mAbs from both IgG + TLM and RM B cells revealed that replacement mutations were normally enriched in IgH and IgK/L CDRs, suggesting that antigenic selection shaped both B cell populations ( Figure 3C ). In addition, VH4 clones showed R/S ratios that were 1.5-to 2-fold higher than those in non-VH4 family members, revealing an increased selection pressure shaping VH4 responses, despite decreased global SHM frequencies (Supplemental Figure 1B) .
Sequence alignments revealed the presence of several clonally related B cells in all 3 patients studied; these were identified both within and across IgG + TLM and RM B cells (Figure 4 and Supplemental Figure  4 ). The most highly represented IgH gene segments were IGHV1-69 and IGHV3-11, both found in multiple clones from 2 of the 3 patients (Supplemental Table 2 ). Lineage tree analysis was performed to establish clonal evolution within each family, and a total of 11 trees were generated, revealing a mixed pattern of shared and distinct mutations among the families ( Figure 5 ). With the exception of 1 tree, in which clones from the 2 cell populations were fully intermingled (CD4BS-03 family D), all of the other trees contained RM and TLM clones that had clearly evolved separately from an inferred common intermediate ( Figure 5 ). There were several trees in which the division between cell populations was close to the germline sequence, such as in CD4BS-02 family A or in the smaller clonal families CD4BS-03 families F and H. Consistent with the SHM data, RM-derived clones in 6 of the 11 family trees were clearly distinct and more evolved than were corresponding clones derived from TLM B cells (CD4BS-01 family J; CD4BS-02 families A and C and 1 large branch of family D; CD4BS-03 families A and H). Families B and I in CD4BS-03 showed mixed TLM and RM outgrowths, whereas the few remaining families contained RM and TLM clones with similar evolution profiles. Among the 7 clonal expansions specific to either RM or TLM B cells, 4 were VH4 encoded. In contrast, only 2 VH4 families were among the 12 that were found in both B cell populations (Figure 4) . Collectively, these observations indicate that CD4bs HIV-specific clonal expansion occurred in either private VH4 clones or, most often, in common precursors of IgG + TLM and RM B cells, but that among the latter, clonal evolution appeared distinct, with more matured clones of increased SHMs enriched in IgG + RM B cells.
CD4bs HIV-specific mAbs from IgG
+ TLM B cells show lower neutralization capacity than do RM B cells. The ability of CD4bs HIV-specific mAbs cloned from IgG + TLM and RM B cells to neutralize HIV was evaluated in an HIV-1 pseudovirus infectivity assay using a standard TZM-bl assay (42) . As shown in Figure 6A , none of the mAbs demonstrated the ability to neutralize the HIV-1 tier 2 JRFL pseudovirus above 80% at the highest concentration of 40 μg/ml, consistent with the low neutralizing potency observed in the serum of these individuals (Supplemental Table 1 ). In this regard, all 3 patients are typical chronically infected HIVviremic individuals selected not on the basis of serologic neutralization capacity, but rather for the presence of CD4bs HIV-specific IgG + TLM and RM B cells (ref. 28 and Table 1 ). Despite the overall low neutralizing activity, CD4bs mAbs from IgG + RM B cells had a significantly higher HIV-neutralizing capacity than did those from IgG + TLM B cells ( Figure 6A and Supplemental Figure 5A ). However, when evaluated against HXB2, a tier 1 virus known to be highly susceptible to neutralization by CD4bs-specific Abs (43), the majority of CD4bs mAbs displayed strong neutralizing activity, with differences between TLM and RM sources that did not reach statistical significance (Supplemental Figure 5, B and C ), yet correlated with activity Figure 5 . Clonal trees generated from Ig heavy-chain sequences show distinct patterns. Lineage trees were generated from sequences obtained from RM and TLM B cells from the 3 individuals described in Table 1 and Supplemental Table 1 . Expressed mAbs are denoted in bold. Clones within ovals contain identical sequences; white ovals denote TLM-only or mixed clones, and orange ovals denote RM-only clones; small black circles identify inferred intermediates from germline sequence at the base of each tree. Branch lengths reflect SHM frequencies. RM, resting memory; SHM, somatic hypermutation; TLM, tissue-like memory.
against JRFL ( Figure 6B ). Furthermore, there was a significant correlation between HIV-neutralizing capacity and SHM frequencies in the IGH V gene segments ( Figure 6C ) and, to a lesser yet significant extent, in IGK/L V gene segments ( Figure 6D ). We conclude that higher SHM frequencies correlate with more efficient neutralization of HIV. However, neutralization by CD4bs mAbs from both TLM and RM B cells is weak in potency and restricted in breadth (evaluated as described in Methods; data not shown), compared with that of potent and broadly neutralizing Abs that display very high SHM frequencies.
Polyreactivity, as defined by reactivity with dsDNA, insulin, and LPS, has been shown to be associated with many broadly neutralizing anti-HIV Abs and may contribute to their neutralization capacity (44) . The assessment of polyreactivity in CD4bs mAbs revealed that the majority of IgG + RM and TLM B cells expressed polyreactive Abs (51.8% and 53.7% respectively), with similar proportions of low and highly polyreactive Abs ( Figure 7A ). The number of polyreactive CD4bs mAbs was significantly enriched among those that belonged to the VH4 family when compared with CD4bs mAbs from all other VH families combined ( Figure  7B ). Furthermore, this difference was largely driven by TLM CD4bs mAbs (Supplemental Figure 2D) and associated with CD4bs mAbs that were defined as highly polyreactive ( Figure 7C and Supplemental Figure  2D ). TLM-derived highly polyreactive CD4bs mAbs had significantly fewer mutations in both heavy and light chains when compared with any other grouping of CD4bs mAbs by level of polyreactivity and cell population of origin (Figure 8, A and B) . However, enrichment of VH4 usage among the highly polyreactive TLM-derived CD4bs mAbs was not significant when compared with the other groups in Figure 8 (data not shown). Finally, consistent with differences in SHMs related to levels of polyreactivity ( Figure 8, A and B) , the highly polyreactive CD4bs mAbs derived from TLM B cells displayed significantly lower neutralization capacity compared with that of CD4bs mAbs of no or low polyreactivity derived from TLM B cells ( Figure 8C ).
Taken together, these data indicate that increased SHMs in HIV-specific B cells is associated with an increasing capacity to neutralize the virus, as reported by others (45) (46) (47) (48) (49) , and the level of CD4bs mAb polyreactivity was a significant determinant of neutralization. Furthermore, those mAbs of high polyreactivity derived from TLM B cells show a distinctly lower capacity to neutralize HIV than all other mAbs, whether derived from RM or TLM B cells ( Figure 8C ). For each fraction, the frequency of nonpolyreactive (white), low polyreactive (light gray), and highly polyreactive (dark gray) clones is summarized in the pie charts, with the total number of pooled clones isolated from the 3 patients indicated in the centers. Numbers of CD4bs mAbs with no polyreactivity among non-VH4 and VH4 family members compared with (B), all those with polyreactivity, and (C), those with high polyreactivity. **P < 0.01, by Fisher's exact test. CD4bs, CD4 binding site; RM, resting memory; TLM, tissue-like memory.
Discussion
The present study evaluates a fundamental property of memory B cells, namely the affinity maturation process, in the setting of chronic HIV viremia. We demonstrate that IgG + TLM B cells, a population of circulating exhausted memory B cells overrepresented in HIV-infected chronically viremic individuals (17), display lower overall frequencies of SHMs when compared with IgG + RM B cells, despite having undergone more cell divisions in vivo. Decreased SHMs was also a key characteristic of CD4bs mAbs derived from IgG + TLM when compared with SHMs in RM B cells of HIV-infected, chronically viremic individuals, and these decreased SHM frequencies correlated with reduced HIV-neutralizing capacity. Thus, anti-HIV memory B cells in HIV-viremic individuals obey the clonal theory and affinity maturation model, whereby SHM plays an essential role in the emergence of pathogen-specific, in this case HIV, neutralizing clones (50) . However, while TLM B cell-derived CD4bs mAbs were clearly deficient compared with RM B cell-derived CD4bs mAbs, none of the mAbs expressed by either IgG + RM or TLM B cells from the HIV-viremic individuals studied reached the high frequencies of SHMs that have been associated with potent and broadly neutralizing CD4bs mAbs isolated from a relatively small number of infected individuals (47, 49, 51, 52) .
Neutralizing Abs against the CD4bs generally arise during the chronic phase of infection (39, (53) (54) (55) , with the most potent ones showing a restricted VH1-2 or VH1-46 gene usage or HCDR3-dominated interactions (52) . It is noteworthy that none of the CD4bs mAbs described in the present study utilized VH1-2, while 9 utilized VH1-46 and all but 2 originated from RM B cells (Supplemental Table 2 ). The B cell origins of the most potent and broadly neutralizing mAbs directed against the CD4bs have not been well characterized, although a role for TLM B cells appears unlikely. The VH1-2-restricted mAbs VRC01 and VRC23, as well as the CD4 supersite-targeted mAbs VRC13, VRC15, and CH103, were derived from B cells that expressed CD27, a marker not expressed on TLM B cells (our unpublished observations for VRC01) and personal communication from Nicole Doria-Rose for VRC23 and Rebecca Lynch for VRC13, VRC15, and CH103). Furthermore, with the exception of VRC23, the strategies for identifying these mAbs did not gate for CD27 expression, rather, CD27 happened to be expressed on the selected cells, suggesting that TLM B cells were underrepresented as a source of CD4 supersite-targeted mAbs.
VH4 gene usage among potent and broadly neutralizing CD4bs mAbs is uncommon, with the CH103 lineage (VH4-59) being the exception, as it is characterized by intermediate levels of SHM and HIV neutral- ization breadth and potency (46) . The CH103 lineage is also unique in having been detected early after infection and was found to acquire polyreactivity during its maturation process, an adaption thought to provide an advantage for neutralizing HIV (46) , as previously demonstrated (44) . In contrast, VH4-utilizing CD4bs mAbs were isolated from both RM and TLM B cells from all 3 individuals in the present study, an observation consistent with a previous report of common VH4 usage among CD4bs mAbs with modest HIV-neutralizing activity (40) . However, there was limited crossover of VH4 clones between RM and TLM B cells. Furthermore, although the majority of CD4bs mAbs were polyreactive, the percentage of polyreactivity was the highest among VH4-expressing clones, especially for mAbs with high polyreactivity. In addition, highly polyreactive CD4bs mAbs derived from TLM B cells manifested significantly lower HIV-neutralizing capacity when compared with all other polyreactive and nonpolyreactive CD4bs mAbs ( Figure 8C) .
Clonal expansions were clearly observed within and across the 2 B cell populations investigated, although VH4 clones appeared more segregated, and RM B cells often displayed increased affinity maturation features compared with those of their TLM-derived counterparts. As described for the CH103 lineage (46) , it is likely that a combination of intermediate properties can enhance HIV-neutralizing capacity. Two such examples stand out in our study, both of which were clonally related CD4bs mAbs restricted to RM B cells. The first consisted of 4 members belonging to VH1-46 in patient CD4BS-02 ( Figure 4) ; all possessed a neutralizing capacity that was above the median and a combination of favorable characteristics that included VH usage for targeting the CD4bs (VH1-46), a long HCDR3 (19 aa), and high polyreactivity (Supplemental Table 2 ). The second consisted of 4 members belonging to VH4-61 in patient CD4BS-01 ( Figure 4) ; all possessed a neutralizing capacity above the median, along with a long HCDR3 (22 aa) and high polyreactivity (Supplemental Table 2 ). In contrast, only 1 CD4bs mAb of high polyreactivity and HIVneutralizing activity was found among the TLM population; it was a member of the VH4-30 family isolated from patient CD4BS-03 that was also present in the RM B cell population. Collectively, these findings indicate that, while a certain number of CD4bs-specific clones were shared between IgG + RM and TLM B cells, there was evidence of more extensive maturation among the former B cell population, in addition to superior clones expressed by RM B cells that were not shared by TLM B cells.
B cells similar to the TLM B cell population have been described in several disease settings (reviewed in ref. 1), including malaria, in which V gene repertoires and parasite-specific mAbs isolated from IgG + classical memory (equivalent to RM) and atypical memory (equivalent to TLM) B cells have been described recently (56, 57) . Few differences were found between the 2 B cell populations, since both contributed to protective B cell immunity; where differences were found, they functionally favored atypical memory B cells, namely, higher levels of SHM and frequencies of polyreactivity (56) . It is noteworthy that malaria is associated with seasonal reinfection with Plasmodium falciparum, resulting in cycling periods of clinical disease and remission associated with a gradual increase in memory B cell responses against the parasite (58) . In HIV infection, the virus persists with progressive depletion of CD4 + T cells in the majority of individuals not receiving ART, and while the Ab response may evolve over time, the overall frequency of the memory B cell response against HIV is highest in early infection and decreases thereafter (28) . TLM B cells arise as a result of the chronic immune-activating effects of persistent HIV viremia, although they upregulate the expression of numerous inhibitory receptors that we have suggested not only inhibit their function, but also protect them from excessive response and death (31) , thus perhaps explaining their longevity with occasional turnover, as evidenced by KREC levels, but without the accumulation of functionally beneficial mutations that would be predicted for a population that has undergone extensive cell division (32) . Consistent with our current and past observations (17) , recent findings in malaria suggest that, despite evidence of common origins between atypical (TLM equivalent) and classical memory B cells, the former arise in response to chronic exposure to the parasite, with features that include expression of several inhibitory receptors and impaired BCR-mediated function (59) .
It is not well understood why most HIV-infected individuals fail to mount proper HIV-specific immune responses and produce potent and broadly neutralizing Abs. High-affinity, antigen-specific Abs are normally generated during immune responses in germinal centers (GCs) (17, 19) . The expression of TBX21 encoding T-bet in TLM B cells as well as many IFN-responsive genes is further indicative of abnormal IFN-γ stimulation of these B cells (19) . IFN-γ decreases Ab secretion and bias switching to different IgG isotypes (64) and may therefore prevent appropriate immune responses against HIV. Finally, the decreased OX40L and CD40 expression observed in TLM B cells (17, 19, 65) may account for the deficient induction of AID, the enzyme that catalyzes SHMs, whereas proliferation stimulated by Tfh may be preserved, thereby recapitulating the characteristic features of IgG + TLM B cells in HIVviremic subjects. Taken together, these observations suggest that deficient HIV-infected Tfh cells may not properly activate B cells recognizing HIV in GCs, leading to the production of TLM B cells with decreased SHMs when cells were likely exposed to IFN-γ in the absence of IL-4.
Recent discussion of heterogeneity among human memory B cells has included TLM B cells in HIV infection and similar B cells in other diseases associated with chronic activation or inflammation (12, 66, 67) . Not all features are the same across disease settings, and even within a disease, there is evidence of plasticity and intermediate phenotypes of B cell populations. For example, in HIV disease, AM B cells display hybrid features derived from RM and TLM B cells in addition to unique features of increased activation and susceptibility to apoptosis (reviewed in ref. 1) . In this regard, it will be important to examine the contribution of AM B cells to the quality and sustainability of HIV-specific responses. It is also possible that TLM B cells give rise to RM or AM B cells, although this is less likely for RM B cells, given their comparatively fewer cell divisions at the population level ( Figure 1A) . Nonetheless, such intermediates within the TLM B cell compartment could still hinder affinity maturation, given the inherently low responsiveness to stimulation associated with the expression of multiple inhibitory receptors in this B cell population (31) . A similar scenario has been suggested for exhausted T cells (68) .
Among B cells that arise or expand in response to chronic activation, some may be polyclonal, reflecting systemic changes induced by the pathogen or condition and affected by factors that are distinct from those of B cells responding to the virus in a more localized environment. Such distinctions may help explain the somewhat disparate observations relative to VH4 gene usage. Chronic immune activation may have global effects on VH families, as shown by deep sequencing in HIV infection (69) and, in particular, on VH4-34 gene usage among TLM B cells in HIV and among similar cells in systemic lupus erythematosus and Wiskott-Aldrich syndrome (33, 34) . In contrast, responses against the CD4bs show evidence of constraints on the B cell repertoire, whether it be the VH gene-restricted or HCDR3-dominated properties of mAbs that target the CD4 supersite (52), or the paucity of VH4-34 usage among VH4-based CD4bs mAbs of moderate activity (40) . TLM and RM B cells may tackle these constraints differently, especially VH4 family TLM and RM B cells.
In summary, we demonstrate that nonconventional TLM B cells overrepresented in the peripheral blood of chronically infected HIV-viremic individuals show reduced affinity maturation compared with their clonally related conventional RM counterparts, despite evidence of having undergone more cell divisions. We also demonstrate that reduced SHMs are associated with poor HIV neutralization, especially among highly polyreactive Abs derived from TLM B cells. These findings add to our understanding of HIV-induced pathogenesis in chronically infected HIV-viremic individuals as it relates to their dysregulated immune responses.
Methods
Study patients and procedures. Serum and/or leukapheresis products were collected from 25 chronically infected HIV-viremic individuals who were not receiving ART at the time of the study.
Cell lines, HIV pseudoviruses, and control mAbs. The following reagents were obtained from the NIH AIDS Reagent Program: the TZM-bl cell line; the plasmid pSG3∆Env to produce HIV pseudoviruses; and the HIV-specific mAbs b12, 2G12, 39F, and 447-52D. Plasmids containing HIV envelopes of HXB2 and JRFL were also obtained from the NIH AIDS Reagent Program and were subcloned into an expression vector, as previously described (70) .
Sorting of B cell subpopulations and single HIV-specific B cells. Peripheral blood mononuclear cells (PBMCs) were obtained by density-gradient centrifugation. Mature (CD10 -) B cells were isolated from PBMCs by negative magnetic bead-based selection using a B cell enrichment cocktail that was supplemented with tetrameric anti-CD10 mAb (STEMCELL Technologies). Immunophenotyping to identify suitable subjects for sorting was performed using the following anti-human mAbs: CD27-PerCP-Cy5.5 (O323; eBioscience); CD21-FITC (Bu32) and CD11c Brilliant Violet (BV) 421 (3.9; BioLegend); and CD19-V450 (HIB19), CD20-APC-H7 (L27), and IgG-PE-Cy7 (G18-145; BD Biosciences). HIV envelope CD4bs-specific B cells were identified using 2 trimeric HIV envelope gp140 probes from YU2: gp140-WT and a mutant gp140 probe with a single point mutation in the CD4-binding region (368D/R), as previously described (28) . HIV-gp140-WT and CD4bs-mutant probes were conjugated with streptavidin-APC or -PE (Life Technologies), respectively. FACS analyses were performed on a FACSCanto II flow cytometer (BD Biosciences), with data analyses performed using FlowJo software (Tree Star). Sorting of B cell populations and of single HIV-specific B cells into 96-well PCR plates was performed on a modified 3-laser FACSAria instrument (BD Biosciences).
KREC and Ig sequencing. The KREC assay was performed on DNA of cellular lysates generated from sorted B cell subpopulations, as previously described (30), with modifications (17) . For each sorted B cell population, RNA was extracted from 1 × 10 5 to 4 × 10 5 cells, and approximately 5 × 10 5 cell equivalents in cDNA was used to amplify and sequence IgH gene transcripts in each family, as previously described (71) . Repertoire analyses, dendrogram trees, and R/S ratios were determined by sequence comparison with the International ImMunoGeneTics information (IMGT) database. B cells were considered to belong to the same clone on the basis of identical V, D, and J gene segment usage and CDR3 length for both heavy-and light-chain Ig genes.
Ab production and binding assays. Recombinant Abs were generated from single-cell-sorted 96-well PCR plates by reverse transcription PCR (RT-PCR) amplification of the variable regions of the heavy-and lightchain Ig genes and cloning into IgG expression vectors, as previously described (72) . Abs were purified using protein G Sepharose 4 Fast Flow beads (GE Healthcare Life Sciences), according to the manufacturer's recommendations, and concentrations were determined by bead-capture technology using a FACSarray (BD Biosciences). Ab specificity for the CD4bs of gp140 was performed as previously described (28) , with the following modifications: ELISA 96-well plates were coated with 100 μl of 2 μg/ml test mAb, followed by 100 μl of 5-fold serial dilutions of biotin-labeled YU2gp140 or YU2gp140_D368R probes starting at 5 μg/ml. Ab polyreactivity, as defined by recognition of all 3 test antigens, dsDNA, insulin, and LPS, was determined as previously described (72) . Highly polyreactive Abs were defined as those that displayed ELISA binding values of greater than 1, which corresponds to twice the value of cut-off for positivity.
Neutralization assay. Neutralization capacity against HIV was measured using a single-round infection assay (73) . Pseudotyped HIV bearing JRFL or HXB2 env was incubated with six 4-fold serial dilutions of purified Ab, beginning at 40 μg/ml, for 2 hours before being added to TZM-bl target cells for 48 hours. Duplicate measurements were averaged. Serum HIV neutralization profiles of breadth and potency were determined against the cross-clade panel of pseudoviruses shown in Supplemental Table 1 and performed by Monogram, as described previously (74) . Pools of CD4bs mAbs grouped within each individual source by family or population were also evaluated for potency against the same cross-clade panel of pseudoviruses.
Statistics. Multiple testing was performed by Friedman or Kruskal-Wallis, which, if significant, prompted pair-wise comparisons by Wilcoxon signed-rank or Mann-Whitney U tests. Two-group comparisons were performed by Mann-Whitney U test. Fisher's exact test was used to analyze the number of polyreactive mAbs relative to VH usage, the number of clones with an IC 40 , and the number of VH4-34 members within the VH4 family. Correlations were determined by the Spearman test. All analyses were performed with Prism 6 software (GraphPad Software). P values of less than 0.05 were considered statistically significant.
Study approval. This study was approved by the IRB of the NIAID, NIH. The participants provided informed consent, in accordance with the requirements of the IRB of the NIAID.
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